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Abstract The voxel based finite element (FE) method used to obtain primary data for non-invasive
imaging techniques has emerged as a major focus of interest in several disciplines such as medicine,
mechanics and material engineering for solving micro and nano-scale problems. Owing to the fact that,
voxel based FE models are directly affected by parameters of imaging techniques such as Computed
Tomography (CT) andMagnetic Resonance Imaging (MRI), the consequences of these effects on the natural
vibration analysis of structures having complex geometry in micro scale, are investigated in this study. In
this context, voxel based FE models are obtained using Micro-CT imaging data that has three different
resolutions of vertebral trabecular bone tissue. Furthermore, resolutions of image data sets are artificially
increased and equalized for evaluating voxel based FE models that are free from FE size effects. Natural
vibration characteristics of voxel based FEmodels are investigated not only numerically but also including
associated mode shapes. Unpredictable vibrational behavior for various voxel sizes, is, thus, revealed.
Element size effects of voxel based FE models are considerably different from the effects on structural
components with regular prismatic shapes. Obtained results show that, investigated parameters have
a crucial influence on the natural vibration behavior of trabecular bone tissue which is selected as an
example of complex geometries. Modal behaviors that are effective in micro local regions, but less in the
whole body, where there are possibilities for working with approximate geometry without considering
the micro structure have been observed. Moreover, the results are new from a theoretical point of view,
and they also represent the importance of quality in imaging data, which, in practical applications must
be taken into consideration.
© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
CT and MRI imaging techniques are used for both imaging
the internal structure of material and generating mechanical
models withmicro architectural detail. Owing to developments
in CT andMRI technologies in recent years, meso-scale, and also
micro and nano-scale geometries can be properly investigated.
One of the most important results of these techniques is
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doi:10.1016/j.scient.2013.02.005providing information from structures in living tissue, which is
impossible to perform using mechanical tests.
Within the content of this study, a literature review is
compiled to underline the importance of the investigation, in
which the formation of finite element modeling techniques
and mechanical properties, as well as the behavior of bone
structures, are examples ofmaterials with complex geometries.
Although surface and volumetric mesh generation techniques
which are based on CT and MRI data, have been used
for a long time, research on developing new algorithms
and improved methods is continuously being undertaken to
respond to many different types of problem of our day. In
this context, Zhang et al. [1] built up a new algorithm to
evaluate adaptive 3D meshes from volumetric image data, and
have lately investigated an efficient approach to reconstruct
unstructured tetrahedral and hexahedral meshes for mixed
domains consisting of heterogeneous materials [2].
evier B.V. Open access under CC BY-NC-ND license.
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quenced imaging data enable micro-mechanical approaches,
and the results of these models are accepted as a gold stan-
dard for the calibration of studies using classical continuum
FE. Pahr and Zysset [3] examined the accuracy of a contin-
uum FE model using Micro-FE as the gold standard. In this
work, Micro-FE models were evaluated from high-resolution
CT images. Eswaran et al. [4] revealed that Young’s modulus
and the density relation, particularly when assigned to the pe-
ripheral bone, substantially alteredwith regression coefficients,
but not the degree of correlation between the continuum and
Micro-FE predictions of whole-vertebral stiffness. Obviously,
reconstruction procedures combined with FEM need rapid and
strong software and hardware configurations. Soenke et al. [5]
presented an extensive review of the reconstruction proce-
dures. By the increasing number of the studies related to bone
micro architecture, micro structural details gained significant
importance in mechanical analysis. Lai et al. [6] have put for-
ward regional differences in the trabecular bone of human ca-
davers using the values of bone mass density and details of the
micro-architecture. Griffith and Genant [7] presented a notable
study that althoughbonedensity has a significant effect on bone
strength, it is not sufficient by itself and properties about micro
architecture of bone should, especially be taken into considera-
tion regarding bone strength. A study by Chevalier et al. [8] de-
scribed that, voxel-based FEmodels of trabecular bone are com-
binedwithmechanical properties of volume fractions,Micro-CT
reconstructions, mechanical tests, and sample specific nano in-
dentation experiments for the validation method. In the study
of N. Toosizadeh and M. Haghpanahi [9], forces generated by
muscles in different postures of the head were estimated. Fur-
thermore, thesemuscle forces were also used to estimate inter-
nal cervical loads. Consequently, a geometrically accurate non-
linear finite element model of C0–C7 was developed using CT
images of the human cervical spine.
A three dimensional parametric model based on CT images
of the lower cervical spine was investigated and validated
by examining the model with some experimental data by
Haghpanahi and Javadi [10].
On the other hand, analysis results of the model may differ
fundamentally due to the data and image processing techniques
which have several calculation steps and optional variables.
Particularly, resolutions of the slice thickness and parameters
of segmentation of the images have an important effect on the
reconstruction of voxel based FE models. Slice thickness and
image resolution are both noteworthy parameters for simple
images. The sensitivity of these parameters cannot be increased
afterwards. In spite of the importance of this, a substantial part
of the studies may be regarded as new. FE calculations of the
apparent modulus were previously stated by Hara et al. [11]
to be strongly affected by the threshold process applied for
segmentation of CT data to construct the FEmesh. Furthermore,
the moduli are substantially sensitive to error, due to the
strong interaction between volume fraction and mechanical
properties. In the study of Genant and Jiang [12], they compared
the non-invasive imaging techniques with each other using
trabecular bone tissue. The results are quite informative in
terms of resolution values which are used during investigation
of trabecular bone tissue. The relationship between CT slice
intensity and the mechanical properties of porcine vertebral
cancellous bone has also been investigated by Teo et al. [13].
Altintas [14] investigated the effect of slice thickness vari-
ation on the free vibration properties of Micro-CT based tra-
becular bone models. Bone structure is exposed to vibration inTable 1: Quantitative properties of Micro-CT data set.
Slice thickness
and pixel edge
length (µm)
Number of pixels
on Micro-CT
images
Number
of slices
Micro-CT data set 1 36 188× 188 388
Micro-CT data set 2 72 94× 94 194
Micro-CT data set 3 144 47× 47 97
several cases and it has many steps containing vibration appli-
cations in diagnostics and treatment whenmicrosurgery, micro
injection, and osteoporosis treatment come into question. The
natural vibration properties of bone structurewere investigated
inmacro andmicro scale by Cornelissen et al. [15], Altintas [14],
and Altintas and Erdem [16] respectively. Cornelissen et al. [15]
presented the influence of soft tissue on the stiffness of tibia.
Perre and Lowet [17] studied sonic and ultrasonic wave prop-
agation for the detection of osteoporosis. Perre and Lowet [17]
used vibration and ultrasonic wave propagation analysis meth-
ods to determine the mechanical properties of bone.
Similar to the studies given above, there are also several
contemporary studies available which involve vibration ap-
plications on determination of the mechanical properties of
bones [18]. Medical vibration applications are very significant
in current treatments as well [19,20].
Applications in micro-scale have been increased with
developing technology. Vibration characteristics of structures
in micro-scale may differ seriously from those in macro-scale.
This difference especially comes from the fact that micro-
architecture and parameters that take part in detecting micro-
architecture methods must be used accurately.
For this purpose, in this study, it is aimed to investigate the
effect of resolution values of imaging systems on the natural
vibration behavior of micro structures. In addition, this study
is directly performed according to isotropic voxel resolution
unlike studies [14,16,21].
On the other hand, natural vibration properties were
investigated not only by using voxel based FE methods
evaluated from raw images with various resolutions but
also using voxels that derived from images with artificially
increased resolutions which are free from FE size effects in
this study. Since manymedical applications and reconstruction
programs are modeled according to isotropic voxels, this study
is considered valuable in theoretical, and also in practical
applications.
2. Material and method
Three different Micro-CT data sets as given in Table 1
belonging to the same lumbar vertebral body (L3) sample and
also having 36, 72 and 144 µm pixel side lengths and slice
interval values are used. Region of Interest (ROI) as seen in
Figure 1 is selected as trabecular bone structure tissue from an
original Micro-CT data set which has 45.806 mm2 square cross
section area, side length and 13.968 mm extent. Each slice in
the Micro-CT data set is in TIFF format and grayscale values of
pixels in image fileswere linearly scaled to cover the range from
0 to 255 for minimal and maximal values, correspondingly.
2.1. Methodology of the conversion process of sequenced images
to finite element model
In this investigation, frequency values in natural vibration
modes and mode shapes are obtained using the ABAQUS R⃝ FE
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files in Micro-CT data sets into one finite element model which
is analyzed by ABAQUS R⃝ by applying several imaging and
morphologic processes consecutively.
For this purpose, a MATLAB R⃝ script named CUBOID-SI2FE
is developed by Altintas [14] and Altintas and Erdem [16].
CUBOID-SI2FE is a compact software containing threshold,
reconstruction, and a specific flood fill algorithm [22] in itself,
which makes it possible to convert sequenced image files to
FE input ones which are solvable by the ABAQUS R⃝ program
directly. The belowmentioned processes are completely carried
outwithin CUBOID-SI2FE. Imaging data inMicro-CT data set are
formed as three dimensional brick shaped voxel elements by
adding slice thickness to pixels. During this process, the number
of voxel elements and nodes are properly given according to
the ABAQUS R⃝ input file, and grayscale values of pixels are
assigned into related voxels. As the square pixel edge length
and pixel distance are known, each pixel can be alleged to form
the basis of cubic shaped voxels with a height equal to the
slice to slice distance. Threshold range determined by visual
confirmation is used in deciding which voxels belong to bone
tissue, and they are separated from other tissue in this way. In
this step, converting voxel elements marked as bone tissue into
the ABAQUS R⃝ input file is done with CUBOID-SI2FE by defining
the linear hexahedral elements of type C3D8 and reorganizingelements and nodes. The C3D8 element is a general purpose
eight node linear brick element, fully integrated (2 × 2 ×
2 integration points). Due to the full integration applied for
deriving of C3D8, the element is suitable for non-isochoric
material.
Although converting to the FE model according to analysis
of serial imaging data by ABAQUS R⃝ in the above explained
process seems probable, it is not possible to perform analyses
without adding some procedures in many cases. Due to the fact
that the discrete voxels derived by the threshold procedure do
not guarantee interconnected bone tissue whose models have
discontinuity, it is not possible to perform eigenvalue analyses
as natural frequency or buckling. For providing continuity,
a fast and efficient flood fill algorithm was developed in
a different way from well-established flood fill and region
growing algorithms. The flood fill algorithm was established
into CUBOID-SI2FE for processing files in the form of an
ABAQUS R⃝ input file data structure.
2.2. Node-ID based Flood fill algorithm
Voxelization and solidification processes are not adequate
for reconstruction of models that can be used for the so-
lution of mechanical problems. Three dimensional Flood fill
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tions including natural frequency and buckling type eigenvalue
analyses. Flood fill algorithms remove some structures such
as undesired and unconnected parts, islands etc., which do
not actually exist in the model. The flood fill algorithm is
an inseparable part of much commercial software such as
Mimics R⃝ (Materialise R⃝), which creates input files for mechan-
ical analysis programs. There aremany current studies suggest-
ing new versions of the flood fill algorithm [19] and similar al-
gorithms, for analyses [23–26]. The algorithm presented in this
study is prepared for the requirement of processing input files
of ABAQUS R⃝. For providing continuity and removing islands,
the CUBOID-SI2FE script is redesigned to apply the flood fill al-
gorithm to data structures derived directly from Micro-CT data
sets or ABAQUS R⃝ input files.
Some definitions shall be stated to explain the algorithm. In
the flood fill algorithm, VUW is a domainmade up of Vi unit cubic
elements.
VUW =
N
n=i
Vi. (1)
Each Vi cubic element can be expressed as follows, according
to the number of cubic elements and nodes:
Vi → [Ei, pi · · · ps]. (2)
Ei is the cubic number of voxel element Vi. Side points are
stated by pi and s subscript shows the total point numbers of
the voxel element. The coordinate calculation of the elements
is not necessary for application in the algorithm. Points of the
cubic element are enough for the solution. If any two elements
have a cluster of commonpointswith a size equal to the number
of points on one surface of the voxel element, these elements
are considered neighbors and have a matched surface.
To confirm this conclusion precisely;
– Volumetric voxel elements must have convex geometry.
– Surfaces of the volumetric voxel element must be planar.
– Sides of planar surfaces must be in a straight line form.
3. Analysis and results
The effects of the resolution ofMicro-CT images of trabecular
bone structure and the influence of slice thickness, on the
natural vibration behavior of voxel based FE models, are
fundamentally targeted and investigated.Within this scope, it is
determined that the zone accepted as bone tissue in grayscale
corresponds to the 135–255 range. Threshold segmentation is
also applied by CUBOID-SI2FE to Micro-CT imaging data for
these values, and finally, imaging data is prepared for a three
dimensional reconstruction process. The models are obtained
with twodifferent approaches to present the effect of resolution
on natural vibration. The first of these is reconstructing the
voxel based models by means of the original resolutions of
Micro-CT data. In the second approach, element sizes of all
models are equalized by increasing resolutions of all image data
sets artificially.
Although image resolutionswere increased,micro structural
details were not really increased as seen in Figure 2. By this
means, it is aimed to procure the results free from the finite
element size effect. One part of the sample geometry, shown in
Figure 2(a), is obtained for various resolutions and approaches.
Detailed images are presented to make the comparison of the
models more comprehensive. Voxel based models using the
original resolution of Micro-CT data are given in Figure 2(b),(c) and (e). The models in Figure 2(d) and (e) are obtained
from the models seen in Figure 2(c) and (e), correspondingly,
by reducing the element sizes to 36 µm which is equal to the
highest resolution of all image data sets. Because models with
72 µm and 144 µm edge size have their high resolution pairs,
it is possible to perform analyses and make comparisons free
from FE size effects.
Basic geometric properties and FE mesh properties of eval-
uated models are given in Table 2. Volumes of the voxel based
models (Models 1, 2, 4) with original resolutions increase by in-
crementation of the resolutions. On the other hand, increments
in surface area for resolution have occurred much larger than
the volumetric increment. This inference is important in terms
of medical applications, and presents the significance of sur-
face area related problems, such as porous fluid flow [27,28]
or medical applications [29–31] by dealing in details without
any loss due to working at high resolution. In another per-
spective, the complexity of the object geometry may improve
when the volume remains almost constant and surface area
increases.
It is almost impossible to present a meaningful relationship,
including all modes for different models, when only the
frequency values of the modes in Table 3 are investigated.
When the alteration probability of morphological differences
on natural vibration behavior among models as anisotropic
voxel sizes, is used, as in the study of Altintas [14], Altintas
and Erdem [16], evaluation of free vibration modes with
mode shapes as well as frequency values would enable better
interpretation of the results. Modal behavior of the systems
is investigated by checking the mode shapes that are partly
given in Figure 3 due to distinctive forms of zones where
maximum displacements occur. In this paper, mode shapes in
Figure 3 shall be investigated in the first place before evaluating
the modal behavior of the investigated systems. The zones
where maximum displacements take place, belonging to the
fundamental mode shapes of voxel based FE models for various
image set resolutions, are presented in the first line of Figure 3.
Frequency values of fundamental modes are 6401.9, 6001.5 and
6413.3 Hz for models that have 36, 72 and 144 µm pixel side
lengths, respectively. While mode structures of the first two
models correspond to each other, the part where maximum
displacements occur in the model having 144 µm pixel side
lengths is considerably different from both the morphologic
structure and the connected zone. It can be stated according to
themode shapes in the first line of Figure 3 that mode shapes of
models obtained from images having various resolution values
may be different, even if they are all in fundamental mode.
While the mode shapes in the second line of Figure 3 are
almost the same for each of the 3 models, there are differences
observed in mode number and natural frequency values in
the related systems. The fifth mode of the model obtained
from scanning images that have the highest resolution value,
with 36 µm pixel width, corresponds to the 6th mode of the
model derived from the images having 72 µm pixel width and
whose voxel edge sizes are reduced from 72 to 36 µm. Those
modes occur in 13253.4, 9189.1, 9655 Hz frequency values,
respectively. The third line of Figure 3 can be examined to
observe the different mode order of the example which can
also be defined as the same mode. The order of the modes
whose model evaluated from the data set original resolution
has 36 and 76 µm pixel edge lengths, is the same as the 6th
and 12th modes. The subjected mode occurs in the 11th order
of themodelwhose pixel edge length is artificially reduced from
72 µm to 36 µm.
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Figure 2: Close views of the models: (a) ROI and signed close view area; (b) Voxel basedmodel with 36µm edge size (Original Resolution, Model 1); (c) Voxel based
model with 72 µm edge size (Original Resolution, Model 2); (d) Model with artificially reduced element edge size 72–36 µm (Model 3); (e) Voxel based model with
144 µm edge size (Original Resolution, Model 4); (f) Model with artificially reduced element edge size 144–36 µm (Model 5).The general evaluations given below are approached by
considering both mode shape and natural frequencies in
Figure 3 together in order to understand the modal behaviors
of the investigated systems more easily. When the natural
vibration behavior of voxel based models that have different
resolutions are comparedwith each other, the frequency values
ofmode structures that are accepted as the samemode increase
according to resolution increment. It is impossible to state
this situation as a rule. Although there are many modescorresponding to this rule in the investigatedmode range, there
are also a few which are not in accordance with the rule.
Mode shape, frequency, and order of models are affected
by image resolutions directly. The mode shape appearing in
one model could occur in a different queue in another mode,
or not even appear at all. On the other hand, voxel based
finite elements models that have 144 µm side lengths and are
obtained from images having the lowest resolution, have such
different modal behavior that cannot be compared with mode
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Models
Model
number
(1) (2) (3) (4) (5)
Model
description
Voxel based model
with 36µm edge size
Voxel based model
with 72µm edge size
Model with artificially reduced
element edge size 72–36 µm
Voxel based model
with 144 µm edge size
Model with artificially reduced
element edge size 144–36 µm
Volume
mm3
88.617 87.567 87.567 86.674 86.674
Surface
area mm2
2552.202 2181.759 2181.759 1574.004 1574.004
Number of
nodes
2930333 459500 2749651 72033 2488242
Number of
elements
1 899363 234608 1876864 29027 1857728Table 3: First twenty natural frequencies of models (Hz).
Model
number
(1) (2) (3) (4) (5)
Model
description
Voxel based model
with 36µm edge size
Voxel based model
with 72µm edge size
Model with artificially reduced
element edge size 72–36 µm
Voxel based model
with 144 µm edge size
Model with artificially reduced
element edge size 144–36 µm
1 6401.9 6001.5 5699.7 6770.1 6413.3
2 9097.6 7065.5 6693.9 8372.7 7512
3 10178.1 7669.4 7525.2 8636.8 7987
4 10245 8586 8850.5 10570.6 9859
5 13253.4 8895.4 8972.2 10654 9917.3
6 14575 9189.1 9655 10962.8 10346.4
7 15509.2 10416.3 10415.4 12084.5 10770.2
8 16564.1 12420.6 11480.1 13111.8 11558.9
9 20484.3 12949.2 12264.7 13492.5 12112.1
10 22406.7 15653.5 14771.9 13554.8 12197.2
11 22885.9 17955.7 17253.4 14557.8 13296.6
12 23236 18949.3 17584.6 15339.3 14248.4
13 23376.6 19271.6 17733.6 16013.6 14379.9
14 25747.4 20590.5 18786 16203.6 14543.5
15 26004 22143.2 20453.7 16510.2 14741.1
16 26259.4 22859.6 21099.2 17084.1 15315.7
17 26446.4 22925.9 21633.6 18756.4 16742
18 27585.6 23178.4 22354.4 19501.1 17508.5
19 28565.9 23332 23270.8 19834.5 17800.8
20 29619.3 26340.4 24858.5 20335.7 18931shapes obtained from the models having 36 and 72 µm side
length. The most significant reason for this situation is the fact
that realistic modeling can bemade by current resolutions each
material having its own. Resolution values about 60 µm are
generally accepted as the limit for trabecular bone tissue in
vertebrae without losing any detail [12]. For this reason, while
the mode shapes of voxel based FE models having 36 µm and
72µm side lengths can be comparedwith each other, the range
of modes, according to the model with 144 µm side length
is numerically quite different from the others. This situation
shows the importance of evaluatingmode shape and numerical
value together. The frequency range at which modes appear in
the same numbers becomes narrow, according to the resolution
increment for voxel based FE models.
In this investigation, some parts of the investigated systems
are designed to analyze results free from finite element size
effects, and general comments are made for investigations
within this scope. By comparing the models whose original
voxel side lengths are 144 and 72 µm and the models whose
element side lengths are reduced to 36 µm and derivations
of these models having the same geometric boundaries and
volumes, there are some outcomes appeared, which are hard
to estimate due to FE size effects, and usually encountered in
objects that are geometrically prismatic shaped. One of themost important points of this situation is that, although having
natural frequency values regarding the natural vibrationmodes
of models whose sizes are reduced and which usually result in
lower values as expected, there are still somemodes against this
rule.
To give an example, the first three natural vibration modes
of the model whose original voxel side length is 72 µm are
bigger than the derived model which has 36 µm side length as
expected. However, the situation changes quite the opposite for
the next 3 modes. This situation depending on the element size
of these modes, which are approved as the same, according to
mode shape is not frequently encountered in prismatic objects.
Models which have the same surface and volumetric
properties but different element sizes differ from mode
structures at the same time, and this difference changes the
mode orders as well as gives rise to different constitutedmodes
from another. If it is necessary to give an example of this
situation, it can be stated that even thoughmodes in Figure 3(h)
and (i) are the same, they have differentmode numbers because
the appearance of a mode in the model does not show up in
another.
The close view sections of shapes where maximum dis-
placement occurs are taken into consideration in comparison.
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Figure 3: Comparison of the modes for maximum displacement fields of mode shapes (a) Voxel based model with 36 µm edge size FUNDAMENTAL MODE (Model
1); (b) Voxel based model with 72 µm edge size FUNDAMENTAL MODE (Model 2); (c) Voxel based model with 144 µm edge size FUNDAMENTAL MODE (Model
3); (d) Voxel based model with 36 µm edge size 5.MODE (Model 1); (e) Voxel based model with 72 µm edge 6.MODE (Model 2); (f) Model with artificially reduced
element edge size 72–36µm6.MODE (Model 3); (g) Voxel based model with 36µm edge size 6.MODE (Model 1); (h) Voxel based model with 72µm edge 12.MODE
(Model 2); (i) Model with artificially reduced element edge size 72–36 µm 11.MODE (Model 3).It should be underlined that the models obtained from vari-
ous imageswith different resolutions are not precisely the same
objects.
4. Conclusions
The effect of three dimensional isotropic resolutions of
sequenced images on the modal behavior of trabecular bone
is a good example of a complex geometrical structure. In this
study, voxel based FE models are derived from two type image
data sets, some of which have original resolutions and where
others have artificially increased resolutions for preventing FE
size effects. Due to different resolutions of image data sets,
additional ormissing connections ofmodels that change system
stiffness may affect natural frequency behavior. However,
it is observed that, connection differences cause distinctive
variances onmode shape, as well as numerical values of natural
frequencies. There have been remarkable changes not only in
the values of natural vibration modes according to resolution
change, but also on mode shapes. While the mode appears in
one model, it does not appear in another, or it can be seen inanother mode order for models which occur in models having
different resolution values from each other. It is impossible
to explain this with a certain rule, depending on resolution
according to frequency values atwhichmode structures that are
almost same as each other appear. The frequency range for the
first 20 modes increases in parallel for increments of resolution
values without considering mode type. This situation does not
change for models that are not affected by derivation or free
from FE size effects.
Generally, it is seen that complex geometry such as
trabecular bone tissue has been significantly affected by the
quality of imaging data. Parts of the investigated modes appear
as very small regions which are primarily caused by large
displacements of natural frequencies in a micro scaled study.
This situation is a crucial detail that cannot be obtained from
the solution of a single prismatic system in which geometry is
approximately taken into account.
The obtained results are important in theory and it is also
believed that they will be helpful while evaluating practical
cases due to voxel based FE model applications.
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